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Rules for the gas-phase fragmentation mechanism of the negative ions of lipophilic phospho-
triester molecules of biological interest have been established by fast-atom bombardment mass
spectrometry/mass spectrometry. The mass-analyzed ion kinetic energy spectra of the [M 2
H]2 of dinucleoside (1–4) and nucleoside glucopyranoside (5–9) phosphotriesters show that in
the absence of charges on the phosphate bridge, the availability of acidic protons on the 59-end
nucleobase drives a preferred reaction path which leads to 59-O-nucleotide or 6-O-glucopyr-
anoside monophosphate anions. (J Am Soc Mass Spectrom 1999, 10, 975–982) © 1999
American Society for Mass Spectrometry
Oligonucleotides with a neutral backbone areactive as “antisense” drugs against differenttypes of virus infections [1, 2]. A fully substi-
tuted phosphate group is also present in prodrugs
designed as vectors of antiviral nucleosides across cel-
lular membranes [3, 4]. The common structural feature
of these two classes of compounds is represented by the
phosphotriester moiety bound to saccharide and/or
nucleoside units and to an alkyl group.
Fast-atom bombardment (FAB) [5] mass spectrome-
try/mass spectrometry (MS/MS) [6] in the negative (2)
ionization mode is the method of choice when the
sequence of dinucleoside phosphodiesters has to be
determined [7]. When the negative charge is localized
on the phosphate group (I, Scheme 1), a preferential
elimination of the B1-H nucleobase takes place, likely
through two very similar mechanisms whereby the
29-H protons of the 59-end sugar are involved in the
fragmentation process which may [8, 9] or may not [10]
involve the negatively charged phosphodiester group.
Different reaction paths might be taken which require
the participation of the exchangeable protons of the
hydroxyl groups [11]. The 19–29 base elimination pro-
cess taken by protonated [12, 13] or deprotonated [14,
15] nucleosides and dinucleotides, represents to some
extent the driving force of the fragmentation pathways
available to dinucleoside phosphotriester anions (II,
scheme 1) lacking of acidic protons on the sugar moi-
eties [16]. Fortunately, the base-driven process charac-
terizing the unimolecular dissociations of both
dinucleoside phosphodiester (I) and triester (II) anions
gives rise to different product ions originating from the
competing dissociations of the phosphate and glycosil
linkages. It could be assumed, therefore, that neutral
phosphates preferentially undergo fragmentation of the
molecular backbone, whereas the reaction path leading
to the releasing of the 59-end nucleobase is taken when
an ionized phosphodiester bridge is present (Scheme 1).
The formation of the product ions, therefore, seems
to be driven by the localization of the negative charge
which in the case of the dinucleotide model II has to be
located on one of the two nucleobases.
Compounds 1–9 (chart) are suitable for the evalua-
tion of the effect of a localized negative charge on the
gas phase chemistry of the corresponding [M 2 H]2
species. Charge-driven unimolecular processes can be,
therefore, evaluated for phosphotriester molecules of
biological importance such as those possessing the
hexadecyl hydrocarbon chain (1–3, 5–6, 9) which favor
the penetration of the molecule across cellular mem-
branes [3, 4].
Experimental
Instrumentation
FAB mass spectra were acquired on a B–E mass spec-
trometer (VG ZAB-2F) equipped with a standard gun
operated with a neutral xenon beam of 8 keV and a
neutral current of 10 mA. Samples were prepared from
1 mL of glycerol and 1 mL of millimolar methanol
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solution of each analyte. Mass-analyzed ion kinetic
energy (MIKE) spectra were acquired by upwards scan-
ning of the electrostatic analyzer at a constant acceler-
ating potential of ;8 kV, fixing the magnetic field at the
appropriate value for the transmission of the selected
reactant ions into the second field-free region of the
instrument.
Chemicals
Compounds 1, 2, 3, 5, 6, and 9 were obtained as
previously described [3]. The synthesis of 7 and 8 was
carried out from the commercially available decyl 6-de-
oxy-b,D-glucopyranoside by applying the same syn-
thetic method [3]. The structure of the new compounds
was elucidated by 1H and 31P nuclear magnetic reso-
nance spectroscopy.
Synthesis of dinucleotide 4 (Scheme 2) was per-
formed as outlined in Scheme 2 starting from the
appropriate building blocks protected with the dimeth-
oxytrityl group (DMtr), through the phosphoroamidite
method [17]. 29-deoxy-59-dimethoxytrityl-4-methyl-uracil:
m/z [FAB (1) glycerol] 545 [(M 1 H)1, 4%)], 303
(DMtr1, .100%) and 127 [(UraOMe 1 H)1, 100]. 39-
dimethoxytrytil-4-methyl.thymidine: m/z [FAB (1) glycer-
ol] 559 [(M 1 H)1, 12%)], 303 (Dmtr1, .100%) and 141
[(ThyOMe 1 H)1], 100].
Results and Discussion
Lipophilic Dinucleotide Phosphodiesters
The structure of dinucleotides and oligodeoxyribo-
nucleotides containing a neutral phosphate or phospho-
nate backbone has been elucidated by desorption chem-
ical ionization (DCI) [18], FAB [16, 19], matrix assisted
laser desorption/ionization (MALDI) [20], and electro-
spray ionization (ESI) [21] mass spectrometric tech-
niques.
The preferred reaction paths taken by some [M 2
H]2 gaseous species obtained by negative (2) FAB from
dinucleoside phenyl phosphonates are represented by
the competing dissociation of the ester bonds linking
the nucleoside moieties [19], which gives rise to 59 and
Scheme 1
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39 mononucleotide phosphonates. The latter are sup-
posedly [19] formed by a charge remote fragmentation
mechanism which does not involve the negatively
charged nucleobases in the migration of one of the
sugar protons to the leaving phosphonate moiety. A
similar reactivity was shown, in DCI conditions [18], by
either the protonated or deprotonated forms of thymi-
dinyl(39 3 59)thymidine methyl phosphotriester [Tp-
(Me)T]. An alternative mechanism for intenucleotidic
bond cleavage was proposed whereby a remote phos-
phodiester group drives the heterolysis of an uncharged
phosphate linkage through the abstraction of the adja-
cent 49H proton of the deoxyribose ring [21, 22]. It has
been recently shown that the heterolysis of the phos-
photriester bonds of dinucleotide models can be driven
by the negatively charged bases [16]. The dinucleotide 1
(chart), devised as a model of the deoxythymidine [23]
delivery system across cellular membranes [3], is per-
fectly suited for the investigation of the reactivity of
neutral dinucleotides bearing acidic protons on the
nucleobase and sugar moieties. In fact, a pKa difference
of at least three order of magnitude [24] exists between
the N-3 and the 39-OH groups, whereas the structural
feature of the two sugar rings allows a facile distinction
of the nucleosidic components of the molecule (Scheme
3). Its FAB (2) spectrum showed, besides the [M 2 H]2
ions at m/z 753 (Table 1), the fragments at m/z 545 and
529 of similar relative abundance. The latter were the
only product ions formed with 47% and 53% relative
yield, respectively, in the unimolecular dissociation of
the [M 2 H]2 parents displayed by the MIKE spectrum
(Figure 1A). The structure of m/z 545 can be unambig-
uously assigned to the mononucleotide reported in
Scheme 3, whereas m/z 529 should correspond to the
phosphodiester of the deoxythymidine unit, or to a
fragment obtained by the loss of the alkyl chain as
neutral hexadecene.
The formation of m/z 545 allows us to shed light into
the mechanisms available for the gas-phase unimolecu-
lar dissociations of biologically important phosphotri-
ester molecules. The phosphotriester 1 can be ionized
by proton abstraction from the N-3 positions of both
thymines and from the 39-OH function of the 29-de-
oxyribose. Assuming that for steric hindrances the
hydroxyl group can be involved at lesser extent only in
the displacement of the phosphodiester moiety, an
intramolecular reaction path [16] can be considered
which involves the primary carbon atom of the deoxy-
thymidine and the good phosphodiester leaving group
(Scheme 2). Similar mechanisms are in operation in the
condensed phase degradation of neutral oligonucleo-
tide strands by external nucleophiles [25, 26]. It can be
Scheme 3
Scheme 2
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expected, therefore, that most of the ions at m/z 529
should be formed by an analogous process which
brings about the dissociation of the phosphate bond
from the other site.
Thymidine 59(59-deoxythymidin-59-yl hexadecyl
phosphate) (2) and its (39 3 59)isomer 3 gave the same
[M 2 H]2 and fragment ions with different relative
abundance. The species at m/z 545 was the only product
ion displayed by the MIKE spectra of both isomeric
deprotonated molecules (Figure 1B,C). The formation of
a 59-thymidine hexadecyl monophosphodiester frag-
ment from 3 should be driven by a mechanism similar
to that reported for species II (Scheme 1) [16].
If the contribution of the possible concomitant elim-
Table 1. FAB (2) spectra of neutral dinucleoside phosphotriesters 1–4
Compounds m/z (%)
1 753 (70%) 545 (93%) 529 (96%) 125 (100%)
2 769 (25%) 545 (100%) 125 (46%)
3 769 (6%) 545 (56%) 125 (100%)
4 573 (7%) 559 (10%) 349 (100%) 335 (28%) 125 (17%)
Figure 1. FAB-MIKE spectra of the [M-H]-species obtained by 8 keV ca. Xenon beam on glycerol
solutions of (A) thymidine 59-(39, 59-dideoxythymidin-59yl hexadecyl phosphate) (1), (B) thymidine
59-(59-deoxythymidin-59yl hexadecyl phosphate) (2), (C) thymidine 39-(59-deoxythymidin-59yl hexa-
decyl phosphate) (3), (D) 4-O-methyluridine 39-(4-O-methyl-59-deoxythymidin-59-yl methyl phos-
phate) (4), and (E) 4-O-methyluridine 39-(4-O-methyl-59-deoxythymidin-59-yl phosphate).
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ination of the alkyl chain is neglected, it can be con-
cluded that the [M 2 H]2 of neutral dinucleotides of
the type so far examined undergo preferential inter-
nucleotidic bond fission through reaction paths which
deeply involve the nucleobases.
The role that ionized hydroxyl groups might play in
driving the fragmentation of phosphotriester dinucle-
otide anions was evaluated from species 4 (chart and
Scheme 4), lacking acidic protons on the nucleobases.
Acidic protons are now available at the 59 and 39
termini only. The FAB (2) spectrum of 4 (Table 1)
displayed, besides the [M 2 H]2 ions at m/z 573, the
sequence peaks at m/z 349 and 335 with 100% and 28%
relative abundance, respectively. The MIKE spectrum
of the [M 2 H]2 parents (Figure 1D) was characterized
by the presence of the product ions at m/z 433 (13%), 349
(81%), and 335 (6%) due to the elimination of neutral
4-O-methylthymine and to the formation of both 59 and
39 monophosphodiesters, respectively (Scheme 4).
Many reactions paths can be conceived for the forma-
tion of the mononucleotide phosphodiesters at m/z 349
and 335. The available data, however, show that the
preferred reaction path is still represented by the dis-
sociation of the internucleotidic bond from the 39-end
even though the negative charge is reasonably localized
on the hydroxyl groups of the neutral dinucleotide. The
observed selective elimination of the nucleobase from
the 39-end sugar is unusual and characterizes the uni-
molecular dissociations of this atypical dinucleotide
lacking of acidic sites at both nucleobases and phos-
phate moieties.
The gas-phase chemistry of the (M 2 CH3)
2 species
formed in the selvedge from 4 strongly supports the
19–29 base elimination processes of dinucleoside phos-
phodiester anions I (Scheme 1, Figure 1E). A specific
elimination of the 5-end nucleobases as neutrals with
85% relative yields was, in fact, observed. The same
reaction path was taken by the (M 2 CH3)
2 species
obtained from 7 and 8, whose behavior will be dis-
cussed later, thus showing that the base elimination
process from dinucleotides or nucleotide glucopyrano-
side phosphodiesters occurs as a remote charge frag-
mentation reaction which is unaffected by the sugar
hydroxyl groups or by the presence of enolizable func-
tion on the base unit.
From previous and present data it can be assumed
that the interaction of a pyrimidine nucleobase with the
29-H proton of the deoxyribose skeleton leads to base
elimination or to phosphate bond breakage as a func-
tion of the charge status of the reacting ions.
Lipophilic Nucleoside Glucopyranoside
Phosphotriesters
The nucleotidylglucosides 5–9, originally devised as
drug delivery systems across cellular membranes [3, 4],
are also proper models to substantiate the mechanism
which drives the breakdown pathways of dinucleoside
phosphotriesters. Furthermore, their structural determi-
nation, fairly complex by any analytical method, can be
easily carried out by FAB-MS/MS even in the presence
of impurities. The FAB(2) spectra of 5–9 (Table 2)
displayed, in fact, besides the [M 2 H]2 ions, “se-
quence” fragments due to the expected competitive
dissociations of the phosphotriester group which allow
the identification of the nucleoside and sugar residues
and give insights into the structure of the examined
species.
The MIKE spectrum of the [M 2 H]2 of 5 (Figure
2A) displayed the sequence ions at m/z 545 and 497 with
25% and 75% relative abundance. These product ions
should be formed through a reaction path similar to
that suggested for species II (Scheme 1). The already
mentioned loss of the alkyl chain as neutral hexadecene
could produce ions isobaric with that obtained via base
induced elimination of the thymidine moiety, whereas
the formation of m/z 545 could involve the intramolec-
Scheme 4
Table 2. FAB (2) spectra of nucleoside glucopyranoside phosphotriesters 5–9
Compounds m/z (%)
5 721 (19%) 545 (21%) 497 (100%) 125 (44%)
6 721 (6%) 545 (90%) 497 (96%) 125 (100%)
7 665 (9%) 651 (9%) 441 (100%) 335 (76%) 125 (48%)
8 665 (10%) 651 (7%) 441 (100%) 335 (20%) 125 (17%)
9 735 (5%) 559 (50%) 511 (100%) 497 (69%) 139 (78%)
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ular nucleophilic attack of one of the glucopyranose
hydroxyl groups (Scheme 5).
The preferential involvement of the oxyanion ob-
tained by proton abstraction from the 3-OH group at
position 3 of the pyranose ring is suggested with
reference to the solution chemistry of 6-O-tosyl-a-D-
glucopyranoside which gives high yields of the corre-
sponding 3,6-anhydride in basic conditions in spite of
the required unfavorable conformational change [27].
The relative yield of the product ions at m/z 545 and 497
seems to be in agreement with the data previously
discussed showing that in the breakdown of the phos-
photriester bond the lowest critical energy pathway is
represented by the b-elimination process, driven by the
ionized thymine base. Methylation of 5 with diazometh-
ane affords compound 9 where the removal of the
enolizable proton from the nucleobase prevents the
localization of a negative charge on it and makes the
modified nucleosidic component no longer isobaric
with the alkyl chain of the phosphate bond. The MIKE
spectrum of the [M 2 H]2 of 9 (Figure 4D) displayed
the fragment at m/z 559 (59%, Scheme 6) as the most
abundant species.
The latter is likely formed by the same mechanism
reported in Scheme 5 for the lower homolog, however
in the absence of an ionized nucleobase, the regiochem-
istry of the phosphate bond breakage is completely
reversed. The presence of the species at m/z 511 clearly
shows that in the fragmentation of the [M 2 H]2 of 5
the ion at m/z 497 could contain some isobars due to the
alkyl chain elimination. Moreover, the much lower
yields of the phosphorylated glucopyranoside fragment
obtained from 9, as compared to 5, reinforce the role of
the ionized nucleobase in driving the dissociation of the
Figure 2. FAB-MIKE spectra of the [M-H]-species obtained by 8 keV ca. Xenon beam on glycerol
solutions of (A) thymidine 39-(methyl 6-deoxy-a,D-glucopyranosid-6-yl hexadecyl phosphate) (5), (B)
thymidine 59-(methyl 6-deoxy-a,D-glucopyranosid-6-yl methyl phosphate) (7), (D) thymidine 39-
(decyl-6-deoxy-a,D-glucopyranosid-6-yl methyl phosphate) (8) and (E) 4-O-methylthymdine 39 (meth-
yl 6-deoxy-a,D-glucopyranosid-6-yl hexadecyl phosphate) (9).
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phosphotriester bond from the 39-O terminus of the
thymidine unit. The observation that minor percentages
of m/z 497 are still obtained, suggests that different
mechanisms can be in operation, likely involving to
some extent the ionized 59-hydroxyl group, as previ-
ously seen with the modified dinucleotide 4.
In the nucleotidylglucoside 6 the phosphate group
links the sugar and the nucleoside units through their
6-O and the 59-O sites, respectively. The regiochemistry
of the phosphotriester bond cleavage, in the slowest
unimolecular dissociations of the [M 2 H]2 ions, is
completely reversed with respect to isomer 5. The
predominant product ion is now the species at m/z 545
obtained with 71% relative yield, whereas the phos-
phorylated sugar fragment at m/z 497 accounts for 29%
of the total ion current (Scheme 7). With reference to the
results previously discussed, the fragmentation of the
phosphate bridge should proceed through an intramo-
lecular nucleophilic displacement involving both pri-
mary carbon atoms of the two sugar moieties as re-
ported in Scheme 7. The preferential formation of m/z
545 can likely be ascribed to the operation of a similar
nucleophilic displacement mechanism for both compet-
ing processes and to the better nucleophilicity of an
alkoxyde ion on the glucopyranose ring with respect to
the enolate on the thymine nucleobase.
In the nucleotidylglucopyranosides 7 and 8 the li-
pophilic chain is attached at the anomeric position of
the glucoside. Their FAB (2) spectra displayed [M 2
H]2 and [M 2 CH3]
2 peaks, as expected [28–31], and
fragments due to the dissociation of the triester bonds
(Table 2). The [M 2 H]2 of the (6 3 59) isomer 7
afforded product ions at m/z 441 and 335 with 76% and
24% relative yields (Figure 2C); the same species were
obtained from the unimolecular dissociations of the
[M 2 H]2 of the (393 6) isomer 8 (Figure 2D) with 92%
and 8% relative yield, respectively. The product ions at
m/z 441 correspond to the phosphorylated glucopyrano-
side fragments whose formation, in the case of the pair
of isomers 5 and 6, was sequence dependent. Con-
versely, when the lipophilic chain is nearest to the
glucose hydroxyl groups, as for 7 and 8, the heterolysis
of the 6-C–O bond does not compete with the releasing
of the thymidine unit as neutral.
The explanation of this peculiar behavior requires
further experiments to be performed on properly de-
signed molecules. It can be considered, however, that
the hydrophobic environment created in the proximity
of the glucopyranose moiety by the alkane chain linked
at the anomeric position might affect to some extent the
ionization of the sugar hydroxyl groups, hence the
reaction channel driven by the ionized thymine base is
preferentially taken.
Conclusions
Some rules can be firmly established for the structure
evaluation of any type of dinucleoside or nucleoside
glucopyranoside phosphodiesters and triesters through
the gas-phase chemistry of their [M 2 H]2 ions. When
the negative charge is localized on the phosphate group
and at least a nucleoside unit is present, the diagnostic
process is represented by the dissociation of the glicosyl
bond of the nucleobase at the 59-end, as shown by the
[M 2 CH3]
2 species released in the gas phase from 4, 7,
and 8. This likely represents a true charge remote
fragmentation process of a closed shell ion [32] corre-
sponding to the thermally allowed formation of enol
ethers from the controlled hydrolysis of ketals.
Dinucleoside phosphotriesters undergo preferential
dissociation of the phosphate bridge bond from the
39-end. In this case it has been demonstrated [16] that
the interaction between the 59-end nucleobase and the
29-H proton of the sugar moiety can effectively induce
the reaction thus accounting for a charge driven frag-
Scheme 5
Scheme 6
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mentation process. The role of charge localization site is
even more evident in the unimolecular processes taken
by the [M 2 H]2 of the examined nucleoside glucopy-
ranoside phosphotriesters.
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